The objective was to explore whether the in creased incorporation of 45Ca into selectively vulnerable neurons, observed after transient ischemia, can be ex plained by enhanced blood-tissue and/or enhanced blood CSF transfer. Anesthetized rats were subjected to 15 min of forebrain ischemia, with recirculation for 20 or 60 min, or 24 h. The transfer constants (Kin) and unidirectional fluxes (lin) for calcium in tissue and CSF were deter mined following i. v. injection of 45Ca, integration of the curve for plasma-specific activity over 10 min, and sam pling of cisternal CSF, and tissue (cortex, caudoputamen, hippocampus, and cerebellum). Predictably, values for Abbreviations used: ANDV A, analysis of variance; Ca; 2 + , in tracellular calcium.
Ischemic brain damage is, at least in part, cal cium-mediated, calcium probably exerting its main adverse effects by overactivating proteases and li pases (Siesjo, 1981 (Siesjo, , 1992 Rothman and Olney, 1986; Choi, 1988) . Ischemia hampers both the ac tive extrusion of calcium from cells, and its intra cellular sequestration, leading to a potentially det rimental rise in the free intracellular calcium con centration (Ca 2 + J.
Following dense transient ischemia, neuronal damage is incurred after a delay which varies from region to region (Pulsinelli et aI., 1982; Smith et aI., 1984) . Dienel (1984) showed that selectively vulnerable regions accumulated 45Ca in the post-than in tissues, and hippocampus had higher values than the other areas, probably because of its closeness to the lateral ventricle. Ischemia failed to alter the Kin and l in values, demonstrating that the low permeability of blood brain and blood-CSF barriers to calcium is upheld both in the immediate recirculation period, and after 24 h of re circulation. The results support the contention that the increased 45Ca incorporation during recovery is due to increased calcium cycling across functionally altered cell membranes. Key Words: Brain ischemia-Calcium trans port-Blood brain barrier-CSF-Rat.
ischemic period, before the total calcium content increased significantly (see also Deshpande et aI., 1987) .
We have hypothesized that ischemia leads to sus tained membrane dysfunction of vulnerable cells, and to increased transmembrane cycling of calcium, which eventually leads to irreversible cell changes (Deshpande et aI., 1987; Siesjo, 1990) . Circumstan tial evidence supporting this contention is the in creased postischemic accumulation of 45Ca at an unchanged total tissue calcium content (Dienel, 1984; Deshpande et aI., 1987) . However, it has never been studied whether the enhanced accumu lation of 45Ca could be explained by an increased transfer of across the blood-brain and the blood CSF barrier. This is not an unlikely possibility, es pecially since ischemia reportedly leads to necrosis of choroid plexus epithelium (Dienel, 1984) . For that reason, we estimated transfer constants and unidirectional calcium fluxes after short (20 and 60 min) and long (24 h) recovery periods, following 15 min of forebrain ischemia.
MATERIALS AND METHODS

Experimental groups
Male Wistar rats (3�390 g) were fasted overnight but allowed free access to tap water. The animals were di vided into five groups: control (Cont; n = 6); ischemia, 20 min of recovery (R20'; n = 6); ischemia, 60 min of re covery (R60'; n = 7); control, 24 h of recovery (Cont 24h; n = 4); and ischemia, 24 h of recovery (R24h; n = 6). In all ischemic animals, the duration of ischemia was 15 min.
Operative procedures and induction of ischemia
Anesthesia was induced with 3.5% halothane and 70% N20 in 02' The animals were tracheotomized (Cont, R20', and R60') or orally intubated (Cont 24h and R24h) and ventilated with a Starling-type respirator delivering 0.8% halothane in N20/02. In Cont, R20', and R60' tail and femoral catheters were inserted for blood sampling, blood pressure recording, and administration of drugs. In the other groups, the catheters were inserted into the tail artery and vein in the first operation, and into the femoral artery and vein after 24 h of recovery. The common ca rotid arteries were isolated and prepared for later occlu sion, and a silicone catheter was inserted via the right jugUlar vein for blood withdrawallreinfusion. Thermistors were placed on the skull surface and in the rectum. EEG was recorded by a pair of needle electrodes inserted into the muscles lateral to the skull. Animals were then placed in the prone position, the anesthesia being maintained on 0.2% halothane and 70% N20 in 02' in combination with continuous infusion of vecuronium bromide (20 /-lg min -I; Norcuron).
Ischemia was induced by bilateral carotid artery clamp ing and a concomitant blood pressure decrease to 50 mm Hg by central venous exsanguination (Smith et aI., 1984) . After ischemia, the blood was reinfused and the carotid clamps were released. In control animals, the carotid ar teries were not clamped and blood pressure was not low ered.
During recovery, blood pressure, P a02' P aC02' and pH were controlled and rectal temperature was maintained at 37.0°C. In the Cont24h and R24h groups, the caval cath eter was removed and the neck incision was closed by sutures. After the animals regained consciousness and resumed spontaneous respiration, they were discon nected from the respirator and extubated, and the tail catheters were removed. The animals were allowed to survive for 24 h, and then reanesthetized, tracheoto mized, ventilated, and catheterized, as described above.
Analytical techniques
Blood gases and pH were measured with standard tech niques (ABL30, Radiometer, Copenhagen, Denmark), to tal plasma calcium concentration ([Ca]tot) with a colori metric method, (Kodak Ektachem 700xR-C Analyzer, Rochester, NY U.S.A.) and plasma ionized calcium ([Caton) with an ICA-l analyzer (Radiometer). 45Ca up take into the CNS was measured as described by Murphy and Rapoport (1988) . In summary, 20 /-lCi 45Ca (45Ca_ CaCI2, Amersham, specific activity 23.24 mCi mg-I) was given i. v.; plasma samples were repeatedly taken during 10 min to allow integration of specific activity; a CSF sample was taken from the cisterna magna; and the ani mal was decapitated for subsequent measurements of CSF and tissue 45Ca activities with standard scintillation techniques.
J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 The plasma-to-brain transfer coefficient, Kin (ml g-I S -I), was calculated from the following equation (Tai et aI., 1986; Murphy and Rapoport 1988): C �r K = ----=:.:-f. ( 1 0 min ql dt JOmm where C* br is the concentration of radioactivity in brain parenchyma (dpm g -I) at 10 min, C* pI is the plasma ra dioactivity (dpm ml-I), and f is the ionized fraction of plasma calcium. The CSF transfer coefficient was ob tained by substituting CSF radioactivity at 10 min (dpm g-I) for brain parenchyma radioactivity. C* br was calcu lated as measured brain content of tracer minus intravas cular tracer, the latter assumed to be equal to the product of regional blood volume (ml g -I) times blood tracer con centration (dpm ml-I) at 10 min. Regional blood volume was determined in each animal from the 3-min eH]raffi nose space, calculated as (dpm g brain -l/dpm ml blood -I) of [3H]raffinose (New England Nuclear, spe cific activity 5.0 Ci mmol-I), administrated at 80 /-lCi in 0.25 ml of 0.9% NaC!.
Unidirectional influx of calcium, Jin (mmol g-I s -I), into brain or CSF was calculated as
where [Caton is the plasma concentration of ionized cal cium (mmol ml-I) (Tai et aI., 1986) .
Statistics
Statistically significant differences were evaluated by the analysis of variance (ANOV A), followed by Dun nett's test for comparisons between control group and experimental groups in acute recovery. In the 24-h groups, two-tailed Student's (-test was used. Significance between groups was assigned at a level of <5% probabil ity (p < 0.05), or <1% probability (p < 0.0 1), with Dun nett's test.
With Student's (-test significance between groups was assigned at a level <5% probability (p < 0.05), less than 1% probability (p < 0.0 1) or <0.5% probability (p < 0.005).
RESULTS
The animals maintained normal body tempera ture (-37.0°C), blood pressure (-140 mm Hg), and P0 2 (-100 mm Hg), and differences in pH and PC0 2 were minor. Mean plasma glucose concentra tion varied between 6.0 and 7.7 mmol L -I in the acute, and between 9. 2 and 11.2 mmol L -I in the 24 h groups. Total plasma calcium concentrations var ied between 2.13 and 2.50 mmol L -I between groups and ionized concentration between 1.14 and 1. 30 mmol L -1 (significantly reduced in R20' and R60' groups (p < 0.01)). Regional blood volume
(eH]raffinose space) varied non significantly be tween 0.01 and 0.02 ml g-I of tissue. Plasma 45Ca concentrations decreased exponen tially during the 10-min period following isotope in jection (cf. Murphy et aI., 1988) . Table 1 shows the collected data on 10-min blood, plasma, tissue, and CSF concentrations of 45Ca. In the Cont, 20' R and 60' R groups the tissue concentrations (after correc tion) were low, with hippocampus showing the highest values, and with CSF concentration being 10-20 times those in tissues (cf. Murphy and Rap oport 1988) . 45Ca concentrations did not differ be tween the three acute groups or between the two 24-h groups, except in the cerebellum. Unexpect edly, the CSF concentrations were lower in the two groups reanesthetized after 24 h. Figure 1 gives the Kin and lin values for tissue and CSF. The results reemphasize the more rapid transfer of 45Ca into the CSF than into tissue. The data on cortex (20 and 60 min) as well as on hippocampus (20 min) and cau- 8.9 ± 5.8 8.0 ± 2.5 10.2 ± 6.5 5.1 ± 1.0 5.2 ± 1.3 16.8 ± 6.9 11.5 ± 004 13.9 ± 2.9 9.9 ± 2.9Q 8.8 ± 1.6 7.0 ± 1.8 129.5 ± 49.7 34.9 ± 9.6 26.3 ± 8.5
date (60 min) suggested that recirculation somewhat increased Kin and lin' However, the data were not significantly different.
DISCUSSION
The present control results confirm those of Tai et al. (1986) and Murphy and Rapoport (1988) in showing transfer constants and lin values for 45Ca which are much higher in CSF than in tissue, with hippocampus having values higher than tissues which are more remote from the lateral ventricles, where the CSF is formed. An unexpected and un explained finding was the reduction in Kin and lin for CSF in the 24-h animals. The main results of this study concern the influ ence of ischemia on blood-brain and blood-CSF transfer of calcium. There was neither an acute (20 and 60 min) nor a sustained (24 h) alteration in Kin or lin for tissue or CSF. It has been repeatedly dis cussed whether transient ischemia causes an open ing of the blood-brain barrier. An early opening may have occurred before our first measuring point, i.e., 20 min (e.g., Suzuki et aI., 1983) , or in the interval between 1 and 24 h (see Dobbin et aI. , 1988) . However, since we found no significant in crease in 45Ca transfer during two early and one late recirculation time, it seems unlikely that ischemia triggers postischemic enhancement of blood-to tissue transfer of calcium.
The present results thus support our hypothesis that the cause of an increased 45Ca incorporation into the tissue (caudate and hippocampus) after 24 h of recirculation is due to an increased calcium cy cling across the functionally perturbed membranes of cells which are selectively vulnerable to the isch emic insult. An increased calcium cycling across membranes of cells with competent calcium pumps would bring more 45Ca into the cells in the period before equilibrium has been reached.
